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Abstract Subsurface flows, particularly hyporheic exchange fluxes, driven by streambed topography,
permeability, channel gradient and dynamic flow conditions provide prominent ecological services such as
nitrate removal from streams and aquifers. Stream flow dynamics cause strongly nonlinear and often episodic
contributions of nutrient concentrations in river-aquifer systems. Using a fully coupled transient flow and
reactive transport model, we investigated the denitrification potential of hyporheic zones during peak-flow
events. The effects of streambed permeability, channel gradient and bedform amplitude on the spatio-temporal
distribution of nitrate and dissolved organic carbon in streambeds and the associated denitrification potential
were explored. Distinct peak-flow events with different intensity, duration and hydrograph shape were selected
to represent a wide range of peak-flow scenarios. Our results indicated that the specific hydrodynamic
characteristics of individual flow events largely determine the average positive or negative nitrate removal
capacity of hyporheic zones, however the magnitude of this capacity is controlled by geomorphological settings
(i.e., channel slope, streambed permeability and bedform amplitude). Specifically, events with longer duration
and higher intensity were shown to promote higher nitrate removal efficiency with higher magnitude of removal
efficiency in the scenarios with higher slope and permeability values. These results are essential for better
assessment of the subsurface nitrate removal capacity under the influence of flow dynamics and particularly
peak-flow events in order to provide tailored solutions for effective restoration of interconnected river-aquifer
systems.

1. Introduction

Multiple physical, chemical and biogeochemical processes occurring in hyporheic zones (the transition zones
between surface water and groundwater) determine the ecological functioning and health of interconnected
aquifer-river interfaces (Boano et al., 2014; Krause, Hannah, Fleckenstein, et al., 2011; Krause et al., 2017;
Lewandowski et al., 2019). The hyporheic zone acts as natural biogeochemical reactor and is crucial for the
self-purification capacity of the river-aquifer systems. Several physical drivers and controls such as channel gradi-
ent, streambed permeability, pressure gradient at the sediment-water interface affect the hyporheic flow paths and
biogeochemical factors such as dissolved oxygen availability, microbial communities, temperature affect nutrient
transformation and distribution in the hyporheic zone (Gomez-Velez et al., 2014; Krause, Boano, et al., 2014;
Krause, Hannah, Wood, & Sadler, 2011; Zarnetske et al., 2011). More recently, we have started to better under-
stand the role of hydrodynamic variability and in particular of peak-flow conditions on hyporheic exchange
flow and residence time distributions (Malzone et al., 2016; Mojarrad et al., 2019; Singh et al., 2019, 2020; Wu
et al., 2018). Considering the impact of change to these dynamic factors on hyporheic exchange flow and bioge-
ochemical functioning is becoming even more relevant given the increasing frequency, duration and severity of
extreme (low and high) flow conditions due to climate change (intense precipitation or snow-melting) or anthro-
pogenic disturbances (e.g., dam operations) and their implications for solute transport, mixing and reactions in
the hyporheic zone (Bruno et al., 2009, 2013; Casas-Mulet et al., 2015; Jones, 2014; Krause et al., 2017).

Catchment nutrient dynamics and their resulting loads in rivers are affected by the hydro-meteorological conditions
and runoff generation processes, varying seasonally and also by land use practices, farming strategies, increased
urbanization and water resource management (Abbott et al., 2019; Blaen et al., 2017; L. Lin et al., 2021). For

SINGH ET AL.

1 of 16

8518017 SUOLULLOD @A1IR.0 3(cedl|dde aupy Aq pausenob afe sejoie YO @SN Jo SaIn1 10} Ariq1T8UIIUO A1 UO (SUORIPUOD-PUB-SWIRILID™A8 | 1M ARe.q 1 BulUo//StY) SUORIPUOD pue SWe | 8L 88S " [£202/20/0T] U Ariqi]auliuo Ao|1m ‘| eXeloljaiasieIs RAIUN Aq L0FTE0HMTZ02/620T OT/I0P/W00 A8 1M Aiq1 el juo'sgndnBe//:sdny woiy pepeo|umoq ‘€ ‘2202 ‘€L6.776T


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-6937-1630
https://orcid.org/0000-0002-1584-3137
https://orcid.org/0000-0003-4850-2037
https://orcid.org/0000-0003-2521-2248
https://doi.org/10.1029/2021WR031407
https://doi.org/10.1029/2021WR031407
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021WR031407&domain=pdf&date_stamp=2022-03-24

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2021WR031407

instance, J. Lin et al. (2019) showed that the nitrate flux decreased to less than half of spring loads in the higher
order stream of an agricultural catchment and Comer-Warner et al. (2020) found in the experimental studies that
finer-grained streambeds can play a major role in nitrate removal from agricultural catchments. Precipitation
events can flush large proportion of nutrients from nearby agricultural lands and activate more distant sources of
nutrient “hotspots” that are disconnected and do not contribute to nutrient loads in rivers under baseflow condi-
tions (Krause, Freer, et al., 2014). Episodic peak-flow events can be dominating influences on catchment nutrient
export patterns and dynamics (Blaen et al., 2017; Boano et al., 2007; Khamis et al., 2017; Malcolm et al., 2004).

Amongst the many biogeochemical processes occurring in the hyporheic zone, detailed understanding of the
hyporheic denitrification efficiency is essential to understand the capacity and limitations of the natural attenua-
tion potential of hyporheic zones to reduce to high nitrate loads in surface waters and groundwater (Findlay, 1995;
Gomez-Velez et al., 2017). Eutrophication due to excess nutrients (such as nitrogen) availability leads to low
dissolved oxygen concentrations, high turbidity, and low pH with detrimental effects on stream ecology and
aquatic ecosystems (Smith & Schindler, 2009). Besides its impacts on the ecological functioning of intercon-
nected river-aquifer systems, increased nutrient loads do also cause severe effects to socio-economic activities
including drinking water supply and recreational activities (Abbott et al., 2019; Bennett et al., 2009). Lower order
rural catchments dominated by agricultural land use are often important sources of downstream river nutrient
pollution, particularly nitrogen. Flow variability can cause increase as well as decrease in nutrient concentrations
in hyporheic zones under different hydrodynamic and hydrogeological conditions. The interactions between nutri-
ent exchange fluxes, mixing, including travel and reactions times are controlled by geomorphological settings
involving channel slopes, streambed permeability and topography (Boano et al., 2014; Gomez-Velez et al., 2015).
Implications of these interacting dynamics need to be understood in order to make the prediction of the natural
capacity of the river-aquifer systems to act as a natural biogeochemical reactor. Predictive dynamic modeling
has been a helpful tool to gain insights into the impacts of peak-flow events not only concerning the improved
assessment of resilience in stream ecosystems but also widen the basis to design locally optimized management
and restoration strategies (Gomez-Velez et al., 2017; Singh et al., 2019; Wu et al., 2021).

Recent advances in understanding the impacts of transient flow conditions on nitrate removal in river-aquifer
systems include Trauth and Fleckenstein (2017) who investigated the impact of single discharge events on flow
exchange, and reactions in the hyporheic zone below a natural in-stream gravel bar using linear relationship
between discharge and nutrient loads. The authors showed that hyporheic exchange flux, solute transport, and
consumption increase during individual flow events, where the intensity dependent on event characteristics and
ambient groundwater flow conditions. Boso et al. (2018) adopted a probabilistic approach to quantify the impact
of uncertainty in both the temporally-variable river water and the rate constants on predictions of N,O emissions
at the bedform scale. On the other hand, Zheng and Cardenas (2018) focused on the effects of temperature on
nitrogen cycling and nitrate removal-production efficiency in bedform-induced hyporheic zones under steady
flow conditions. Harvey et al. (2013) demonstrated that different combinations of local hydraulic and biogeo-
chemical characteristics in these geomorphic units can contribute substantially to whole-stream denitrification.
Gomez-Velez et al. (2015) presented numerical simulations of the Mississippi river network using a hydrogeo-
morphic model and found that the vertical exchange with sediments, driven by submerged bedforms, has denitri-
fication potential exceeding that of lateral hyporheic exchange with sediments alongside river channels, driven by
river bars and meandering banks. Hester et al. (2019) showed that river stage and sediment heterogeneity pose the
strongest control on mixing-dependent denitrification. Despite the above advances, very little is known about the
hyporheic denitrification potential during dynamic flow conditions, taking into consideration non-linear observa-
tions of nutrient concentrations and under the influence of different geomorphological settings.

To address this knowledge gap, we develop robust flow, solute, and reactive transport model for simulation of
transient two-dimensional reactive transport to estimate the hydrodynamic impacts of hyporheic denitrification
potential during peak-flow events for periodic sinusoidal bedforms. We evaluate the impacts of peak-flow events
by taking into consideration (a) peak-flow events of different magnitude, duration and event hydrograph shape (b)
streambed sediment permeability (c) stream channel slope (d) bedform amplitude. Furthermore, we use the anal-
ysis of observed stream flow nitrate and dissolved organic carbon concentration relationships across a wide range
of conditions to define the scenarios for these simulations. This approach is designed to provide enhanced mech-
anistic process understanding of impacts of peak-flow events on the fate of nitrate in hyporheic environments,
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Figure 1. Schematic representation of the model. The sediment domain () is assumed homogeneous and isotropic. Hyporheic exchange is driven by streambed
topography, channel gradient and time-varying discharge (Q(#)). Prescribed head distribution is imposed along the SWI (9€2gy,,). Periodic (pressure drop) boundary
conditions are assumed for the lateral boundaries (0Q, and 0Q ) representing an infinite domain, horizontal ambient flow is assumed proportional to the channel
slope, and the base of the model domain (9Q,) is assumed impervious. Flow direction is from left to right. Concentrations of nitrate and dissolved organic carbon are
temporally variable depending on the event scenarios.

information that will assist both industry and regulators in the design of measures to prevent the disruption of
self-purification in river ecosystems.

2. Materials and Methods

A physics-based model was developed and implemented for performing scenario simulations in this study. The
following approach was followed (a) setup of simulation framework including streambed sediment geometry
and parameterization of material and hydrodynamic properties; (b) generation of scenario hydrographs using
prescribed head distribution across the sediment-water interface; (c) estimation of Darcy velocity; (d) reac-
tive transport modeling of aerobic respiration and denitrification along hyporheic exchange flowpaths using
Monod-kinetics; and (e) simulation of model scenarios.

2.1. Description of the Model Domain

We use a simplified conceptualization of a streambed-river interface to systematically explore the impact of peak-
flow events on bedform-driven hyporheic exchange and reactive transport. For this purpose, we implement tran-
sient flow, transport and reactive transport models for porous matrix flow in streambed sediments. The modeling
domain (€2); represents homogeneous and isotropic streambed sediments (See Figure 1). It is bounded at the top

by the sediment-water interface (SWI; 0Qy,;), which is assumed sinusoidal Zsw = %sin (% ) where A [L] and
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A [L] are the characteristic amplitude and wavelength of the bedform, respectively (see Figure 1). The total length
and depth of the modeling domain are L = 3 4 and d, [L], respectively. To define the bedform geometry, we use
the aspect ratio defined as A/A. At the bottom, the model domain is bounded by a horizontal boundary (9Q,) and
at sides by the lateral boundaries (0€2, and 0Q ). We focused our analyses on the center bedform in order to avoid
boundary effects in the numerical simulations.

2.2. Head Distribution at the Sediment-Water Interface and Hyporheic Flow Field

The pressure distribution at the sediment water-interface (0€2gy,,) assumes a linear combination of head fluctua-
tions induced by large- and small-scale bed topography (Stonedahl et al., 2010; Worman et al., 2006):

h(x,t)=_5x+Hs(t)+ 2/’2{([)

Zwi (x+ ﬁ) )

where S is channel slope, H(¢) [L] is the time-varying river stage, Zg,,(x) is the function describing the bed
topography [L], and &,(?) is the intensity of the dynamic head fluctuations (Elliott & Brooks, 1997),

3/8
U1 (ﬁ) for s <034
ha(t) = 028 =20 J\ 0.34 Hy(0) SA(’)
g

) A 3/2
_ for > 0.34,
0.34 Hy(1) H()

where the mean velocity [LT™!] is estimated with the Chezy equation for a rectangular channel as
U (1) = M~'H (H**S? with M is the Manning coefficient [L~'*T] (Dingman, 2009).

@)

Finally, the horizontal and the vertical components of the Darcy velocity can be expressed as Marzadri et al. (2016).
Ux(x, y,1) = vo(t)sin (A4 x) [tanh (A4dp) sinh (A4y) + cosh (A4y)] + vs, (3a)
Uy(x, y,1) = —vo(t)cos (A¢x) [tanh (Aads) cosh (Aqy) + sinh (A4y)] + Vgw (3b)

where v, = KA h(¢) is the maximum seepage velocity component due to the bedform morphology [LT~'], and
v, = KS is the underflow seepage velocity due to the channel gradient [LT~!] and 4, = 27” is the dune wave
number. As we consider neutral groundwater conditions, that is, the absence of groundwater gaining or losing
conditions, we get in our case v,,, = 0.

2.3. Reactive Transport Model
The reactive transport model for transient reactions (Trauth et al., 2014; Trauth & Fleckenstein, 2017) is given by

oc;
0
ot

=V- (DVCS) -V (qcs) + R; (4)
where R, is the reaction rate (source/sink term) of the solute species s, c, is the concentration [ML=3] of that
species, q is the Darcy flux [LT"!], and D = {Dij} is the hydrodynamic dispersion tensor.

Infiltration of river-borne nitrate, dissolved organic carbon and oxygen occurs across the sediment-water interface
and the following reactions take place.

Aerobic respiration: CH,O + O, —» CO, + H,0
Denitrification: 5CH,0 + 4NO;™ + 4H* — 5CO; + 2N, + 7H,0

The reactions are simulated using Monod-kinetics formulation with an additional inhibition term for the deni-
trification reaction for the conditions when O, concentrations are high. The highest nitrate consumption occur
under low oxygen concentrations that is, anoxic conditions. The general Monod-kinetic is in the form (Trauth
et al., 2014).

Cp Cy
R= maxI
K (KD+CD>(KA+CA) )
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Table 1

where R is the reaction rate, p,, represents the maximum reaction rate, Cp,

Input Parameters for Reactive Transport Model (Trauth & and C, are the concentrations of the electron donor (CH,O) and acceptors

Fleckenstein, 2017)

(O, and NO,), and K, and K, are the half saturation constants of electron

Parameters

Value donors and acceptors, respectively. An inhibition factor I is required for the

K02

KNO3
KDOC
KI

”max,AR

Hmax DN

denitrification kinetic, as described by
6.25¢-03 mmol/L

3.23e-02 mmol/L = ( K; )
1.07e-01 mmol/L K1 + Co,

3.13e-02 O, mmol/L

4.78e-01 mmol/L/d

6

where K, is the inhibition constant and Co, is the O, concentration, while
I = 1 for aerobic respiration. The reaction rate of denitrification is inhib-
8.64¢-02 mmol/L/d ited in the presence of O,, because it is the primary electron acceptor for

organic matter oxidation in microbial-remediated reactions. See Table 1 for
the full description of how the parameters used for reactive transport have
been defined.

2.4. Numerical Methods and Solution Scheme

The mathematical model for reactive solute transport is strongly coupled and highly nonlinear. The model is
discretized in space using a locally mass-conservative cell-centered finite volume scheme, and in time using an
implicit Euler scheme. The fluxes are approximated using an orthogonal two-point stencil. The discrete model
is linearized using a standard Newton method and the resulting linear system is solved using a SuperLU linear
solver (Demmel et al., 1999). The numerical scheme is implemented within the DUNE-PDElab framework
(Bastian et al., 2010) which is based on C++. The numerical simulator is versatile in terms of the geometry of the
computational domain, dimensionality of problem (2D, 3D), and the implementation of the periodic boundary
conditions. The finite volume grid consists of telescopic refinement along the SWI, with width of 0.0254 along
x direction and 0.0014 along y direction.

2.5. Scenarios and Parametrization of the Model

As the relationships between stream flow and solute concentrations can vary significantly spatially between
rivers, catchments, geographic and landuse contexts as well as based on the pre-event conditions, we here use the
continuous high-frequency observations of discharge and concentrations of dissolved organic carbon and nitrate
in an agricultural stream from previous work by Blaen et al. (2017) as an example for demonstrating some of the
event dynamics that can be observed in intensively managed mixed-landuse catchments. With the emergence of

Table 2
Parameterization of the Numerical Model

Parameters Value Description

Constant model parameters
A 1m Bedform wavelength
d, Sm Depth of the domain
M 0.05 Manning's coefficient
a; 0.05 m Longitudinal dispersivity
ar 0.005 m Transverse dispersivity
p 1,000 kgm~3 Fluid density
" 1.002 x 1073 Pas Fluid dynamic viscosity
g 9.81 ms™2 Acceleration due to gravity
Varied model parameters
A/A 0.1, 0.05 Bedform aspect ratio
S 0.05, 0.01, 0.001 Channel slope

« 10~ m2, 10-2 m2, 10~13 m? Permeability
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Figure 2. Time series of stream discharge, nitrate concentrations, and dissolved organic carbon concentrations. The gray
shaded regions denote the selected peak-flow events for the presented study. We use the data presented in Blaen et al. (2017)
for the numerical simulations.

reliable in-situ water quality sensors high-frequency observations of discharge and nutrients in rivers are becom-
ing more frequent now and extending the scenarios to other site conditions is likely to extend the insights into
event-driven nutrient dynamics in hyporheic zones in different systems in the future. Therefore, in this study,
high resolution data of streamflow, nitrate and dissolved organic carbon for the Wood Brook at the Birmingham
Institute of Forest Research were analyzed (see Figure 2).

In this study, we considered five example peak-flow events selected for their varying intensity, duration and
shape of the hydrograph (see Figure 2 gray shaded regions). The events are selected so that they have isolated
shape and consistently data availability for flow and nutrient concentrations. As studied by Blaen et al. (2017)
and seen in Figure 2, nitrate concentrations exhibited no clear long-term trend over the entire monitoring period
whereas the highest dissolved organic carbon concentrations were observed in late summer. We then performed
parametric studies analyzing the effects of varying channel slope, sediment permeability and bedform amplitude
(see Table 2) of the streambed on hyporheic exchange flow and nutrient turnover for the selected five peak-flow
and concentration events.

3. Results and Discussion
3.1. Hyporheic Flow Field

Figure 3 illustrates the Darcy velocity magnitude in log scale in the sediment domain with variable channel gradi-
ent, permeability, and aspect ratio of the streambed. Interplay of factors such as channel gradient (proportional to
slope), sediment permeability, streambed topography, and event-induced pressure at the sediment-water interface
results in bi-directional circulation systems in the streambed domain (depicted in Figure 3). This bidirectional
flow exchange leads to formation of areas or zones where the velocities are zero or nearly zero. The lower aspect
ratio scenario leads to formation of smaller hyporheic zones due to smaller pressure gradient at the sediment-wa-
ter interface. Similar effect can be observed by the larger channel slope magnitude due to increase in the horizon-
tal ambient groundwater flow from upstream to downstream direction. Larger slopes induce stronger underflow
velocities that lead to counteracting force against higher local pressure gradient at the sediment-water interface
and prevent hyporheic zones from expanding.

Stagnation zones are of particular importance in biogeochemical transformations and are often referred to as
biogeochemical hotspots or more recently control points as it incorporates both spatial and temporal dynamics
(Bernhardt et al., 2017). The fluctuation of these stagnation points is largely determined by the pressure variations
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Figure 3. Snapshots of the dynamic flow field (black arrows represent direction and are not proportional to the magnitude)
in the sediment domain. Surface represents the magnitude of Darcy flux vector (in log scale m/s). Top row represents the
streambed with AR = 0.1 and bottom row with AR = 0.05, where AR is the bedform aspect ratio. The first columns are for
the times ¢ = 0 (baseflow conditions), second is for peak-flow conditions and for the Event 2 scenarios with § = 0.05 and
k= 10""" m? third column is for peak flow conditions and for the scenarios with S = 0.001 and x = 107! m? and finally
fourth is for § = 0.05 and x = 1073 m2.

at the sediment water interface. However, the location and the size of stagnation zones are modulated by the
hydrogeological properties of the streambed and river flow dynamics. As indicated by the log scale representa-
tion of Darcy velocity magnitude, the higher aspect ratios of the streambed lead to higher flow velocities and
deeper hyporheic flow cells. Similar trends can also be observed for higher permeabilities and higher slope
values. As the flow model assumes negligible storage, the pressure variations and propagation are instantaneous
within the domain.

3.2. Spatio-Temporal Distribution of Hyporheic Denitrification and DOC Consumption

Figure 4 illustrates the spatial and temporal distribution of dissolved organic carbon (DOC) consumption and
denitrification rates with respect to baseflow conditions for the Event 2 and for the AR = 0.05. The black dashed
line delineates the scenarios with § = 0.05 and k = 107! with § = 0.001 and « = 10~'2. The first row illustrates
DOC consumption and denitrification for the early rising limb of the event, the second row for the peak-flow,
the third and fourth during the recession of the event and finally the fifth row displays rates right after the event,
indicating a dynamic change of reaction rates during the peak-flow event.

The spatial and temporal variations of the reaction rates within the streambed vary considerably over the duration
of the event. The first row illustrates the rates during the first hour of the event when reactivity rates are low since
the system only begins to be dynamic with flow and solute concentrations. The results indicate that for the scenar-
ios with § = 0.05 and x = 10~!1, high reactivity occurs primarily along the deepest subsurface flow paths as well
as the stagnation points. Since the results are obtained with respect to the baseflow conditions, we observe that
in the regions of stagnation points, when close to the peak-flow time, the DOC consumption and denitrification
are lowered. However, this behavior changes sometime after the peak is attained. On the other hand, for scenarios
with § = 0.001 and x = 10~'2, high reactivity occurs closer to the sediment water interface as well as along the
deep subsurface flow paths, particularly evident during and after peak-flow conditions. These results demonstrate
that under different hydrogeological conditions, removal rates can occur at different depths along the subsurface
flow paths for the same peak-flow event. Depending from the event-specific conditions, high reactivity may be
encountered at different depths of the streambed as the availability of favorable conditions varies significantly

SINGH ET AL.

7 of 16

8518017 SUOLULLOD @A1IR.0 3(cedl|dde aupy Aq pausenob afe sejoie YO @SN Jo SaIn1 10} Ariq1T8UIIUO A1 UO (SUORIPUOD-PUB-SWIRILID™A8 | 1M ARe.q 1 BulUo//StY) SUORIPUOD pue SWe | 8L 88S " [£202/20/0T] U Ariqi]auliuo Ao|1m ‘| eXeloljaiasieIs RAIUN Aq L0FTE0HMTZ02/620T OT/I0P/W00 A8 1M Aiq1 el juo'sgndnBe//:sdny woiy pepeo|umoq ‘€ ‘2202 ‘€L6.776T



Y d |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2021WR031407

| 1 I
-20 -10 0 10 20 30 40 50 -10 0 10 20 30 40 50

DOC consumtion (%) Denitrification (%)

=0.05 k=101l 15=0.001, k = 10712

DOC consumption (%) Denitrification (%)

mb

isin

R

Peak flow

After the event Falling limb  Falling limb

Figure 4. Snapshots of the spatio-temporal distribution of denitrification and DOC consumption (%) compared to the
baseflow conditions in the sediment domain for different time points of the Event 2 scenarios. The vertical black dashed
line delineates the scenarios with § = 0.05 and x = 10! m? (left) with S = 0.001 and x = 10~'> m? (right). The first row
illustrates the reaction rates for early rising limb of the event, the second row for the peak-flow, the third and fourth rows
during the recession of the event and finally the fifth row displays the rates right after the event.

under variable flow and solute input conditions. It is also evident from Figures 3 and 4 that the flow and transport
processes can have differing sensitivities to transience (Singh et al., 2019). This is due to consideration of diffu-
sion-dispersion processes in the reactive model which are enhanced by transient flow conditions (Gomez-Velez
et al., 2017).

Studies (e.g., Harvey et al., 2013; Boano et al., 2014) have shown that denitrifical and DOC consumption due
to hyporheic exchange exhibit significant variations at meter or even sub-meter scales. The spatial variability
depends on the differences in biogeochemical layering of water and solutes such as nitrate, DOC and dissolved
oxygen moving along distinct subsurface flow paths. Efficient denitrification requires the following conditions:
(a) anaerobic conditions as otherwise oxygen has a higher affinity to act as electron acceptor during respiration
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Figure 5. Temporal evolution of the relative change in concentrations of nitrate (blue), dissolved organic carbon (pink) and
dissolved oxygen (orange) as compared to baseflow conditions, as a function of time in the sediment domain. The gray solid
line indicates the shape of the hydrograph for the event 4 with channel gradient (proportional to channel slope) decreasing
(0.05, 0.01 and 0.001) from left to right and streambed permeabilities decreasing (107!, 1072, 10713 m?) from top to bottom.

and (b) availability of labile DOC. Peak-flow events can drive variable amounts of concentrations of different
solutes within different depths of streambed. However, it is important to note that the patterns and dynamics of
the contributions of the nutrients fluxes is not necessarily proportional to the events and is dependent on factors
such as land-use factors, seasons and sediment-type (Blaen et al., 2017) and usually not taken into consideration.

3.3. Impacts of Channel Gradient, Streambed Permeabilities and Topography on Solute Concentration
in Sediment Domain

Geomorphological properties of the streambed have a considerable impact on nutrient concentrations in the stre-
ambed during both the events (Figures 5 and 6). Nitrate concentrations within the streambed domain is reduced to
below baseflow conditions for all scenarios, that is, with varying channel gradient and streambed permeabilities
for the Event 4. However, for the Event 5, which is larger in both duration and magnitude compared to Event 4,
depicts above baseflow concentrations. In terms of the input boundary concentrations, the scenario with a low
magnitude and short duration (Event 4) is with an increasing trend in dissolved organic carbon (DOC) concentra-
tions with onset of the storm event however nitrate concentrations with a decreasing trend. In the case of Event
5 for both DOC and nitrate the concentrations almost follow the trend of the storm event. Please note that stream
dissolved oxygen (DO) concentrations for all the events is constant. For Event 1 and Event 3 (not shown) both
display a general increasing input of DOC whereas nitrate observed a decreasing trend.

Scenarios with higher slopes (i.e., 0.05) and larger sediment permeability (10~'") were associated with higher
temporal variability in nitrate and DOC concentrations. Both geomorphological settings when combined, due
to their large underflow velocities and higher hydraulic conductivity, lead to considerable variations in flow
(Figure 3) and transport of nutrients in the streambed. Increased underflow velocity causes the hyporheic zone
not to expand and causes faster interactions between surface water and ambient groundwater flow, even with high
local pressure profiles caused by Event 5. The solute transport is therefore constrained to shallow fast-flowing
subsurface circulation paths.
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Figure 6. Temporal evolution of the relative change in concentrations of nitrate (blue), dissolved organic carbon (pink) and
dissolved oxygen (orange) as compared to baseflow conditions, as a function of time in the sediment domain. The gray solid
line indicates the shape of the hydrograph for the event 5 with channel gradient (proportional to channel slope) decreasing
(0.05, 0.01 and 0.001) from left to right and streambed permeabilities decreasing (10~'!, 1072, 10~13 m?) from top to bottom.

The scenario with a low magnitude and a short duration (Event 4) primarily led to dilution of nitrate in the
hyporheic zone because of the decrease of nitrate influx into the streambed with increasing stream discharge.
Furthermore, the increased availability of DOC during this event leads to a rise in both aerobic respiration and
denitrification as both reactions require supply of DOC. Contrary to the Event 4, Event 5 is the scenario with
a high magnitude and a long duration and is characterized by concentrations of nitrate and DOC following the
event, that is, peaked concentrations coincide with peak-flow of the event. This is because the relative increase in
streamflow during peak-flow event was substantially higher than the associated increase in solute concentration
(see Figure 2). Our results highlight that that the discharge-concentrations relationships can strongly determine
the transport and availability of solutes in the streambed.

In addition to the shape of peak-flow hydrographs and associated solute fluxes, the transport of the water and
solutes in the streambed is furthermore affected by streambed topography (Figure 7). For different bedform
aspect ratios of the streambed, the spatial distribution of the hydraulic head at the sediment-water interface
varies. Under the influence of transient flow conditions, for high streambed aspect ratios (i.e., bedform ampli-
tude) the effects on nutrient distribution in the sediment domain are enhanced as the local pressure is amplified
due to larger advective pumping effect. As shown in Figure 7, the temporal change in nutrient concentrations are
generally similar for both aspect ratios (AR), however the change in concentrations is enhanced for higher AR
compared to low AR.

Our results demonstrate that spatial and temporal distribution of concentrations of nitrate and dissolved organic
carbon within the streambed is highly dependent on the changes in local pressure profiles caused by the stre-
ambed topography, flow intensity and ambient groundwater flow. Our results clearly indicated greater magnitude
of solutes for higher aspect ratio of streambed, higher slope values as well as higher streambed permeability.
Higher streambed aspect ratios induce a higher pressure head at the sediment-water interface (A/H ) resulting
in deeper streambed subsurface flow paths. On the other hand, steeper streambed slopes induce higher flow
velocities across lateral boundaries leading to faster exchange between surface water and ambient groundwater
flow. Higher permeabilities of streambed sediment which affect both, the horizontal ambient groundwater flow
and the infiltration potential of water and solutes in the streambed, also affect nutrient transport in the streambed.
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Figure 7. Temporal evolution of the relative change in concentrations of nitrate (blue), dissolved organic carbon (pink) and
dissolved oxygen (orange) as compared to baseflow conditions, as a function of time in the sediment domain. The gray solid
line indicates the shape of the hydrograph for the Event 2. The channel gradient (proportional to channel slope) is decreasing
(0.05, 0.01 and 0.001) from left to right and streambed permeabilities are decreasing (10~!!, 10~'2, 10~'3 m?) from top to
bottom. The solid colored lines represent the scenarios with aspect ratio of 0.1 and dashed lines with aspect ratio of 0.05.

These streambed conditions are particularly important to consider during drier periods when the soil moisture
conditions are lower causing greater infiltration.

3.4. Temporal Variability and Hydrogeological Controls on Hyporheic Denitrification Potential

In order to compare hyporheic nitrate removal potential for the considered events, we estimated the relative
change in nitrate exchange (i.e., difference between influx and outflux) fluxes during the course of the event. The
influx and outflux of nitrate is strongly associated with the channel slope, permeabilities, the event hydrograph
shape along with input solute concentrations (Figures 8 and 9). In Event 4, we observe that the difference between
the influx and outflux of nitrate is positive, primarily for certain geomorphological settings (S = 0.05, 0.01 and
x = 10", In fact, for conditions with lower streambed permeability, the outflux is higher compared to the influx.
However, if we compare these results to Event 5, different behavior can be observed, that is, the influx of nitrate is
higher than the outflux. This implies that nitrate entering the streambed are largely reduced to molecular nitrogen.
The difference between the outflux and influx is largely increasing with decreasing slopes and the relative change
is decreasing with decreasing permeabilities. We can also observe that the width between the rising and recession
limb for the nitrate exchange fluxes is widening for scenarios with lower permeability values.

Furthermore, we estimated the cumulative nitrate removal and is given by the following mathematical statement

/0[ (min - mou!) dt
M;

RNO3 )= @)

where M, , the total mass that enters through inflow boundary at the sediment-water interface (0Q,,) and m_, i

in®

the mass leaving the hyporheic zone through the outflow boundary Q).

S

out 1
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Figure 8. Temporal dynamics of relative changes in nitrate concentration fluxes with respect to baseflow conditions, as
a function of time for event 4. The gray solid curve corresponds to the shape of the hydrograph. From the left to the right
the channel gradient (proportional to channel slope) is decreasing (0.05, 0.01 and 0.001) and from the top to the bottom
streambed permeability values are decreasing (10711, 10712, 10~13 m?).
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Figure 9. Temporal dynamics of relative changes in nitrate concentration fluxes with respect to baseflow conditions, as
a function of time for event 5. The gray solid curve corresponds to the shape of the hydrograph. From the left to the right
the channel gradient (proportional to channel slope) is decreasing (0.05, 0.01 and 0.001) and from the top to the bottom
streambed permeability values are decreasing (107!1, 10~'2, 10~13 m?).
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Figure 10. Cumulative nitrate concentration with respect to baseflow conditions, as a function of time for the all the
considered events and geomorphological settings.

Observations from the breakthrough analysis provided further insights into the complex reactive transport behav-
ior on nitrate within a sediment domain. It is evident from the results that shape of the peak-flow event is a domi-
nant factor in the denitrification process (Figure 10). Highest cumulative removal rate (i.e., >0.2) is observed
for the Event 5 which is the longest duration event. This is followed by the Event 3 with a duration of 25% less
than the Event 5. This is in line with the findings of Singh et al. (2019) where hyporheic zone efficiency, a proxy
for the oxygen consumption and denitrification potential was used, and it was demonstrated that the events with
longer duration and higher intensity increase the potential of denitrification. Furthermore, it is noteworthy to
observe that the geomorphological settings only become dominant factors for the events with long duration and
high intensity and do not play a crucial part in nitrate removal for other events. These findings are similar to
Trauth and Fleckenstein (2017) where the simulation results for an in-stream gravel bar showed higher rates of
aerobic respiration and denitrification for higher peak-flow intensities and longer duration of the event. Addition-
ally, in particular, scenarios with higher channel slope values and higher permeability depicted higher cumulative
nitrate removal. The latter is also in line with the findings of Hester et al. (2019) where the authors showed that
the increasing hydraulic conductivity increased mixing-dependent denitrification.

The denitrification in anaerobic zones of the HZ is limited by the supply of labile DOC (Zarnetske et al., 2011).
During peak-flow events, the availability of dissolved organic carbon in deeper parts of streambed can be
increased, which is a requisite for the denitrification process. As favorable conditions may be formed deeper
within the streambed during peak-flow events, transported labile DOC supports denitrifying bacteria to complete
the process of denitrification. However, our results indicated that any peak-flow event alone cannot induce
increased denitrification, instead specific flood characteristics combined with favorable geomorphic conditions
within the streambed determine hyporheic denitrification potential.

4. Conclusions and Outlook

The denitrification potential under the influence of peak-flow events was studied using a two-dimensional tran-
sient reactive transport model. Distinct peak-flow events with characteristic peak-flow intensity, duration and
shape were selected from high frequency observations. The impacts of peak-flow events on the denitrification
potential were evaluated by considering a range of geomorphological settings, defined by combinations of sedi-
ment permeability, channel slope and bedform amplitude. In addition, we showed that the denitrification potential
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is sensitive to the input nutrient fluxes and high frequency field observations are important for improving the
predictions of denitrification efficiency. Spatio-temporal variations of the flow field and reaction rates within
the streambed varied significantly during the course of the peak-flow event. Higher reactivity primarily occurred
within deeper subsurface flow paths and near stagnation zones. Furthermore, the the average positive or negative
nitrate removal capacity of hyporheic zones was strongly associated with the values of channel slope and permea-
bilities. Specifically, the hydrograph characteristics emerged as the dominant control for the nitrate removal effi-
ciency, where events with longer duration and higher intensity promoted higher efficiency. The geomorphologi-
cal parameters additionally modulate the magnitude of the nitrate removal efficiency, such that within the longer
duration and higher intensity events, the scenarios with higher slope and permeability values led to marginally
higher magnitudes of removal efficiency.

Peak-flow events are ubiquitous, occurring naturally due to intense precipitation and snow melting, and also
due human activities such as periodic release from dam operations and waste water treatment plants. Peak-flow
events originating from human activities are typically controlled and hence any cascading effect on water quality
or aquatic life can be predicted and managed. However, the natural factors of peak-flow events can be difficult to
predict and can have significant implications on overall ecosystem functioning. Our results improve the under-
standing of the nitrate removal capacity of hyporheic zones during peak-flow events and therefore help predict the
after-effects of such events on chemical status of the rivers which can be beneficial for river restoration managers
for designing locally optimized restoration measures. Therefore, results presented in this study can be relevant to
achieve a good aquatic chemical and ecological health as well as to develop strategies for a sustainable, efficient
execution of river management and restoration plans during and after peak-flow events.

This study assumes that conditions in the streambed favor complete denitrification. However, depending on the
residence times of water and solutes in the streambed, nitrogen cycling can involve intermediate reactions. For
instance, incomplete denitrification can lead to release of N,O which is a greenhouse gas and an ozone-depleting
substance (Briggs et al., 2015; Comer-Warner et al., 2020), and therefore, may be of particular significance for
climate change impacts and related peak-flow events. Exploring the scenarios leading to such conditions under
peak-flow events need separate attention and will be taken into consideration in our future work.

Data Availability Statement

All data required to reproduce the figures in this paper is available through this link https://git.geomar.de/shub-
hangi-gupta/hyporheic-denitrification-under-peak-flow-events. git.
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